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During the tests, measurements were made of the stagnation pressure
in the settling chamber and of the static pressures at 10 stetions located
in e spiral fashion along the conicael nozzle wall at intervals of approxi-
mately 6.4 millimeters. Measurements were also made of the preheat,
decomposition, and upstream stagnation temperastures. Chromel-alumel and
pletimm-——platinum-13-percent-rhodium thermocouples were used for this

purpose.

Flow comparison tests using constant-pressure decomposition.- Fig-
ure 9 showe the experimental statlc-pressure ratios obtained by operating
the nozzle wilth heated air st several stagnation conditions. The experi-
mental values are compered with a theoretical curve based on s one-
dimensional ilsentropic-flow expension of a gas heving 7 = 1.k, TIn the
calculaetions of the curve, the geometric nozzle asres at each pressure
station was assumed to be reduced by en amount corresponding to a reduc-
tion in dismeter of twice the displacement thickness (ref. 11) because
of the growth of the boundary layer. The experimental points agree fairly
well with theory in the region extending from the throat to approximately
one-half the nozzle length. Farther downstresm, flow separation (which
moves downstream as the ratio of the static pressure to the stagnation
pressure 1s increased) 1s a governing fector. (See ref. 12.) The
highest flow Mach number indicated by the ratio of the static pressure
to the upstream stegnation pressure is Mo = 6.9. For this maximm flow
case, the Mach number of the flow at which the vepor pressure of HyO

1s reached is M = L.45; for Np, M = 9.95; and for Op, M = 9.51.

Figure 10 shows the experimental statlc-pressure retios obtained in
the hypersonic nozzle with decomposed and undecomposed N-O gases. The
test results for decomposed N0 are compared with the same theoretical
curve that wae used In figure 9. The maximum decomposition pressure was
TO atmospheres. The results of the two tests of decomposed NoO agree
with theory and show flow separation similar to that found when alr wes
used. The maximum flow Mach numbers upstream of the separated regions
in these two tests were 6.86 end 7.59. '

Since ¥ =1.3 for N0, the theoreticel curve shown in figure 10

is sulteble only for a qualltative comperison with the experimental
points obtained for undecomposed N>0. (A new curve wes not computed

because the tables of ref. 1l are restricted to y = 1.40.) However,
consideration of the isentropic-flow equetions shows that the static-
bressure ratios for 7 = 1.3 should be larger then those for y = 1.4,
The experimental data sgree with this observation.

The experimental points for N20 do not show the clearly defined

flow separatlion that wes ldentified with the other curves. This estab-
lishes another difference between the undecomposed N>0 and the
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Procedure and Tests

Alr, decomposed N0, and undecomposed No0 were tested in the

seme hypersonlc nozzle to compare the nozzle pressure distribution
obtalned by use of the three different gases. ) - c=
Apparsatus and methods.- The hypersonic-nozzle apperatus, schemati-
cally shown in figure 8, ¢onsisted of a gds reservoir, a preheater,
a stagnation chamber, and a nozzle which was connected to a vecuun pump
through two low-pressure exhaust coolers. A conical (6° 53' half-angle)
stainless-steel nozzle was used which was 6.37 centimeters long and had
8 minimum nozzle diemeter of 0.53 millimeter. The nozzle hed an erea
ratio of 810:1 which corresponds to M = 10,9 for a gas having 7 = 1l.k.
When the area ratlo was corrected for boundary-layer growth, the a.llow—
able .flow was reduced to M = 8.65.

The gases passed through the narrow, electrically heated, stainless-
steel tubes of the preheater to aettain temperatures as high as 728° X for
N0 eand 963° X for air. For the case of air » the decompositlion chamber

shown in figure 8 was omltted so that the air passed directly from the
preheater Iinto the stagnation chamber, on to the nozzle, and exhausted
at a low pressure through a water cooler. For the case of decomposed
N20, the ges entered the decomposition chember and wes decomposed ab .
constant pressure in the vicinity of the initistor which wes momentarily
heated at the start of the decomposition. _The gases then passed through
a8 leyer of ceramic beads to ald 1n securing complete decomposition.
Decompositlon pressures up to TO stmospheres were used. The decomposed
gases then pessed through the nozzle and exhausted through both a water
cooler and an NOo ‘trsp cooled wilth dry ilce. A sample of the decomposed
gas was withdrawn downstream of the water cooler for chemical analysis.
For tests using undecomposed N 0, the samé epperstus was used as for

hea‘bed. alr.

Alr was supplied to the preheester at controlled pressure from a
reservolr mainteined at room temperature. . ‘Ihe megsured water dewpoint
of the sir at stmospheric pressure was 205°. K. The N>O wes taken

directly from a commercilally bottled supply. A high supply pressure of
NoO - was meintained by immersing the bottles in hot water. The weter

dewpoint of the N,0 gas at atmospheric pressure had e measured value

of 225° K. These velues indicate that no appreclable effects due to
condensation of water should be present in expa.nsions up to about M=10
(ref. 8, p. 1825),

'
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NO, and Np0. When such decomposition products are present in the medium
of & hypersonic wind tumnnel, the compounds NO and NoO may condense in

the stream at a higher tempersture than 1s required for the condensation
of oxygen. (See fig. 6.) Data for NO and NoO 1in this figure were

teken from reference 8.

Nitric oxide hes the property of oxldizing st low temperatures to
form N02; but, because of the long time required for the oxidetion, as

compared with the time of flow through the nozzle and test sectlon, NOo

should not be present in the test section (ref. 9). The effects of the
heat eddition to the flow due to condensation of NO and N0 Ina
hypersonic stream cen be calculated by the method of reference 10.

The results of a calculstion of the effect of NO condensation on
e flow at Mp = 1% with T = 1,700° K are given in the following

teble. The effect at My =10 and Ty = 1,700° K was negligible.

Amount of NO

condensed, M
M2 percent of ‘total :95/ P2 3

geses present

14 1.0 1.18 |12.85
s 10.0 2.56 | 8.75

The results of & similar calculstion for N20 are

Amount of N20

condensed, M
Mo percent of total PB/ F2 3

geses present

10 1.0 1.11 | 9.5
10 10.0 1.2k | 6.92
13 1.0 2.07 | 12.55
1 10.0 3.0+ | 8.00

These calculations show thet the presence of even a smell amount
of NO or N20 can seriously affect the operstion of e tunnel when

the operating condltions are such that condensetion of these substences
can occur.
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isentropic expansion in the chamber after decomposition) as

2v Tt>l/2 .
t

T - Danag \T

whére Tt 1s the Inltlal stagnation temperature in the chamber and
Tt' 1s the minimum permissible stagnatlon temperature in the chamber.

For typlecel test conditlons when 1t 1s assumed arbltrarily that a
10~percent drop in Initiel stegnatlon temperature 1s the meximum toler-
eble decrease and that the end temperature is limited by the condemsation
criteria of figure T, the running times for typlcal test conditlons are

Mo |p atm | T %k _1a Running time,
2 tl.'v 2 Ty = —g- Ty 1 sec

10 200 1,110 1,230 0.11

10 | 2,000 1,280 1,420 .10

14 200. 1,880 2,090 L2

| 2,000 2,120 2,360 A0

These calculations were based on ¥ = l.4 =and on arbitrerily selected
values of M, and pg1, with no ellowancé for the drop in peak pressure
end temperature due to heat losses (fig. 2). Furthermore, for the cal-~
culations, the staegnaetion-chamber volume has been essumed to be

28,32 1iters (1.0 cubic foot) and the ares of the test section to be
929.0 squere cerntimeters (1.0 square foot). Simllar calculetions using
the experimentally obtailned temperature of 1,8590 K and pressure of
1,465 atmospheres (see table II) show that a nozzle could be operated
at e flow Mach number of M = 13 (maximum) for 0.30 second. Other
schemes - such as a throttled flow In order to extend the running time -
could be employed for venting the hot confined geses of a constan'b-
volume decomposition to a nozzle.

Condensation effects of NO and N50.- Results of chemlcael analyses
show incomplete decomposition of NyO for both the constant-volume and

the constant-pressure processes. At the high reaction temperatures, - , =
incomplete decomposition yields gaseous mixtures consisting of Np, Oop,
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Test results.- The results of the constant-pressure tests are given
in table ITI. They indicate thet N0 can be decomposed at elevated

pressures in s self-sustained manner and that the onset of decomposition
is accompenied by a sharp rise in tempereture which is, however, smsller
than that predicted by theory. Decomposition was obtalned during these
tests at pressures up to 37.4t atmospheres. The highest observed tempera.—
ture was 1,726° K and can be compared with a theoretical value of 2,165° X
based on an Inltial temperature before decomposition of 550 K. 'Jhe .
chemical analysis showed that, in these tests, the decomposition was not
8o complete as in the constent-volume tests and that the secondary prod-
uct, NOp, was present In considerable quantities. Table ITT shows the
reaction temperatures obtalned at verious opereting pressures and mass-
flow ratlos and also the typlcal chemical compositions of the decomposed
mixture.

APFLICATION OF N,0 DECOMPOSITION TO HYPERSONIC FLOW

Theoretical Discussion -

Stagnation conditions required for hypersonic wind tumnels using z
alr.- When the appropriaste stagnetion conditions are not maintained in .
& hypersonic wind tunnel, condensation can occur in the test section —
because of the large flow expensions. Condensation conditions can be .
avolded by maintaining the partial pressures of oxygen and nitrogen in
the test section below thelr vapor pressures. (The relationship of the
Partial pressure of oxygen to the tempersture, obteined from ref. 7, is
shown in fig. 6.) The necessary upstream stagnation conditions can then
be computed by using the 1sentropic-flow equations. Figure T shows the
stagnation requirements where the partial pressure of oxygen was assumed
to be 21.2 percent of the air pressure.

Use of constant-volume decomposition.- Since the composition of the
products of the N>0 decomposition resembles air, eilther a constant-

volume or a constant-pressure process can be substituted for a hested-

alr supply and applied to the operation of a hypersonic nozzle. The .-
application of the former process 1s examined theoretically for the case

of complete decomposition. The application of the constent-pressure
decomposition 1s considered experimentally end will be described subse-

quently. For the constant-volume decomposition, the reasctor can be used

a8 the settling chamber and the gases vented directly through the nozzle.

Because of the fixed stagnetion-chember volume , the stagnation pressure

and temperature drop continually during operation as the rema gases

expend and cool. The running time (in seconds) can be expressed assuning v
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loading density used, the amounts of NO, and N>O0 present were
0.43 percent and 2.24 percent, respectively.

Constaent-Pressure Decamposition

A constant-pressure decomposition has been produced at approximetely
atmospheric pressure by Whittinghsm (ref. 4) s who observed the reaction
in a quertz tube electricelly heated to about 1,173° K. Although he 4id
not report the occurrence of a self-sustained reaction, the quentity of
heat released during decomposition suggested that it could take plece.
Experiments 'were performed to ascertain whether the reaction could be
self-sustalned end whether 1t could occur at elevated pressures as well
as et atmospheric pressure. . o T

Theoretical condltions.- The complete thermal decomposition of N0

into molecules of nitrogen end oxygen is sccompenied by 20,000 cel/mole
of heat releassed (ref. 1). This heat is sufficient to raise the temper-
ature of the finel gas mixture from 300° X to 1,964° K in a constant-
pressure decomposition. (See appendix A.)

Apperatus end test procedure.- The constant-pressure Ny0 decom-

positlon eppasratus used 1s schematically shown in figure 5. It consisted .

of a steel tube which enclosed e ges preheater, e decomposition chamber,
end an. exit orifice. The preheater, a 6l-centimeter-long bress tube with
an inside dlsmeter of 1.9 centimeters, wes electricelly heated with
Nichrome V wire. The chember had an inside dlameter of 3.8 centimeters
end was 20 centimeters long; it contained a O.3-centimeter-thick ceramic
liner. Nitrous oxide was drawn at & controlled pressure from an unheated
reservoir end led into the preheater where the gas temperature was brought
up to a value below the initiating tempersture (which was found %o be
ebout 750° K in the range of pressures used). The preheated gas impinged
on the electrically heated initiator in the decomposition chember, about
which a steady decomposition took plece once started. In order to avoid
burning out the heater wire wrapped about the initiator » the current was
shut off immediately after decomposition begen. The resction zone was
prevented from entering the preheeater by two perforeted insulators, one
made of brass end the other made of presséd asbestos. The initiation

wes asccompenied by a noticesble rise in the stream temperature, and the
decomposition meinteined the initilator at an elevated temperature. The
ges temperatures were measured at various gtations in the reactor by use

of platinum--platinum-13-percent-rhodium epd chromel-aslumel thermocouples. _'

The gas passed from the reactor into the atmosphere through the orifice.
The mess flow was altered by using orifices of different sizes. For the
larger mass flows, decomposition took place only on the downstream side-
of the initiator. The mass flow was calculated from the observed pressure
and temperature near the exit orifice and the nominal area of the orifice,
A sample of the gas was taken at the exit. .
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The results show that the decomposition of N0 at constent volume

can be initiated by elther an electrically fused copper wire or a

hested wire to yleld a nitrogen-oxygen mixture at a high temperature

ard pressure. Typlcal records of the reaction-pressure time history

are shown in figure 2. The pesk pressures were obteined from such
curves and they are plotted for the "cold wall" tests in figure 3 and
for the "hot wall" tests in figure 4. The terms "cold wall" and "hot
wall" refer to initial reactor wall temperatures which are, respectively,
below and sbove the critlical temperature of N>0. The pesk pressure

obtained for hot-wall tests was 1,950 atmospheres. The peak reaction
temperatures were determined from equation (1) (corrected) by use of
measured values of pesk pressure and loading density. Tebles I and IT
show the pesk reasction pressures obtained for vaerious loasding demsities
end the resulting peak temperatures. The chemical anslyses of the products
of representaetive tests are shown. :

When there was no initial Nao condensetlon because of the low

loeding densities, the pesk pressures Increassed with the loading density
as predicted. However, In the cold-wall tests at higher loading densi-
tles, the peak pressure rise failled to correspond to theory (eq. (1)
corrected). For these tests the chemlcal enalysis of the finsl gas
mixture showed the presence of a large proportlon of undecomposed NxO.

(See table I.) TIn all tests the measured pressures were lower then the
theoretical pressures. For example, figure 4 shows that at a loading
density of 5.3 g-moles/liter the pesk pressure was 1,465 atmospheres as
compered with the theoretical velue of 2,080 atmospheres. The loss in
pressure 1s attributed to Incomplete decomposition and to heat losses
due to convectlon and radletion. A comparison of tests made with the
two types of inltletors showed no observaeble difference in the results.
(See table IT.)

The highest observed tempersture for the cold-wall tests was
1,504° K where the initial temperature before decomposition was 283° K.
For this case, theory indicetes a peak temperature of 2,429° K. In the
hot-wall tests, the maximum observed value of the pesk temperature
was 1,859° K for an initial temperature of 361° K. Theory indicated a
tempersture of 2,507° K.

A chemlcel anslysis of the cooled, decomposed gas mixture from the
hot-wall tests showed 1.83 percent NOo and 21.l1 percent NoO present

by volume at the smallest loading density used. (In eddition to N2 and
Op, & small amount of NO was formed in the decomposition. This oxidized

to NOo vwhen the mixture cooled.) As the loading density Incressed, the
decomposition became more complete and the smounts of NOy, and No0
present in the final nltrogen-oxygen mixture decreased. At the largest
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metal-to-metal seal, (2) a heéd plece with a neoprene rubber "O" ring
in sddition to a.screw pressure-loaded copper ring, (3) an electrical
lead which contained a Teflon element designed to obtaln a gas seal by
the internal ges pressure actlng on an unsupported erea of the plastic,
end (%) all lubricents removed, and commercilal gland packings in all
valves replaced by similerly shaeped packing made of Teflon. (Teflon
was used because of 1ts nearly .total chemicel inertness.) -

In order to remove any condensed water vapor from the reactor -
chamber snd prepetre it for testing, the alr in the chamber was evacuasted
while hot water was circulsted through the Jacket. Cold water (at a
temperature of approximately 280° X) was then used to lower the wall
temperature in order to facllltate f1llling the reactor from a small
portable No0 reservoir., The porteble reservoir wes welghed before

and after each filling to determine the amount of No0 used in the

test. A loading denslity of 10.22 g-moles/liter would completely f£111
the reactor with liquid NoO iIf the temperature were reised to the

ceriticel value (T = 309.8° K). The water temperature was then altered
to sult the test conditions. Sufficilent time was allowed for the reactor
tempereture to equalize with that of the water. Thus, the reactor tem-
perature before decomposition begen was obtained from messurements of
the water tempereture. - -

The decomposition process was initiated by elther heating or fusing
a wire initistor. The heated wire initiator consisted of approximately
75 centimeters of Brown and Sharpe No. 22 gage Nichrome V wire. The
wire was supported by a mica slab and was electrically grounded inside
the resctor. An electric current of 13 amperes at 80 to 85 a-c volts
wvas applled to this element for 20 seconds during e test. The fused wire
initiator was mede from 0.25 centimeters of Brown and Shaerpe No. 36 gage
copper wire which was fused by applying current at 110 a-c volts at the
time of test.

During the tests, the gas pressure in the reactor was measured by
use of a Baldwin SR-I strain gage. The cell was Joined in a vertical
position to the base of the reactor, and the connecting tublng was
£1lled with mercury to help trensmit repld.pressure chenges to the )
pressure cell and to reduce the dead spece _in the reactor. The pressure
history of ‘the décomposition was recorded on photogrephic film by a
recording oscillograph. Approximastely 1 minute after initlaetion, the
gas mixture was vented from the reactor to the atmosphere end a sample
of the gas mixture was obtained for chemlcal anelysis. The method of
chemicel analysis used is explsined in sppendix B,

Test results.- The results of the constant-volume-~decomposition
tests are shown in tables I and II for two.initial well. temperatures.

—— T

b
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Constant-Volume Decomposition

The results of the tests given in references 1, 2, and 4 indicete v
the possibility that the high pressures and temperstures which are
required for hypersonic wind tunnels may be obtalned by the rapild
thermel decomposition of N,0 &t constent volume. Some of the tests

show that the decomposltion can be nesrly complete, in which cese the
propexrtles of the decomposed nitrogen-oxygen mixture would aepproximate
the propertles of alr. Experiments were performed to determine the
temperature of the resctlon products and to obtaln more informstion
about thelr chemical composition.

Theoretical conditions.- The ideel temperature and pressure of the
producte of the constant-volume reaction can be reedily computed from
avallsble date and are used as a basis for comparison with the experi-
mental results. The heat released by the complete thermsal decomposltion
of N0, glven in reference 1 as 20,000 ca.lories/mole, can ralise the

tempersture of the final mixture from 300° X to 2,448° K. (See sppen-
dix A.) Since thils temperature is independent of the amount of N0

used, the final pressure computed by the perfect gas law is directly
proportional to the Initiael pressure or to the gas density in +the o

reactor; thus,
3Te 3RTp
Pp = (ﬁ)?s. = (_2_)pi (1)

vhere py 1s the welght of cherge divided by the volume of the reactor
(in g-moles/liter), R = 0.08207 liter-etm/CK, end Tp = 2,448° X
when Ty = 300° K, The value of pr glven by equation (1) 1s too low .

and must be corrected by multiplying 1t by the compressibility factor
(refs. 5 end 6). -

Apparetus and test procedure.- The constant-volume reactor 1s shown
In figure 1. It conslsted of a high-pressure steel chesmber fitted with
an exterilor water Jacket, a removeble headplece, and a gss inlet. The
heedplece contained an Insulated electrical lead and an opening for
pressure Instrumentatlon. The internsal volume of the chamber was
0.45 liter, 2.0 percent of which was contelned in a portion of the gas- o
Inlet tubing end a valve. The reactor was designed for a maximum working
pressure of 2,000 atmospheres. The Internal surfaces, Including the
threads on the headplece, were chromium plated to prevent corrosion,

Four types of closures were used with the reactor. They were as .
follows: (1) connecting tubing with a standard cone-shaped -
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! minimum stegnation conditions upstream

1 nozzle minimum section
2 test sectlon before condensation
3 test section after condensation

Chemicel symbols:

COo carbon dloxide _

H hydrogen

HpO water

KOH potassium hydroxide

N nltrogen

NO nitric oxide

NOo nitrogen dioxide

N>0 nitrous oxide

0 oxygen . -

Conversion factor:

1.0 g-mole per liter of N20 = 2,747 lbfeu £t of N0

TESTS

In an attempt to verify and extend the avallsble Information on the
thermael decompositlion of nitrous oxide, experimental observetions were
made of the decomposition at both constent volume and comstant pressure.
The principal interest wes In the condltions necessary to inltiate rapid
reactions, in the temperature and pressure of the products, and in the
chemical composition of the products. On the basis of the results
obtalned, a hypersonlc nozzle was constructed and was opersted to compare
the use of air and the products of the thermal decomposition of N0

as flovw 'mediums.



L NACA TN 3624

SYMBOLS
A ares
a veloclty of soumnd
B arbltrery constant (see sppendix B)
b,c,d,e,
f,g,1 arbitrary constants (see appendix B)
M Mach number
h enthalpy
D ‘pressure
R universsel gas constant
T temperature
t time
u Internal energy
v settling-chamber volume
7+l |

z constant, (7 f l>2(7ql) = 0.57876 (for 7 = 1.4)
y retio of speclfic heat et constant pressure to specific heat

at constant volume, L4 for a dilatomic molecule
A Incremental amount
p density
Subscrlpts:
i before decompositiop
£ after decomposition

t stagnation conditions upstream
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A summary of the conclusions drawn from the examinetion of the
literature on the thermal decompositlion of NoO 1s as follows:

(1) Nitrous oxide can be made to decompose within a confined volume
or to decompose 1n & steady stream by heeting 1t to a temperature of the
order of 1,000° K.

(2) An explosive reaction can be produced by locel heating of the
confined gas, such as 1s produced by & sperk following the electrical
fusion of s wire, by Introducing the gas into a prehested vessel or by
rapld compression.

(3) The explosion limit epparently 1s e functlon of temperature
and pressure.

(4) Under certailn conditions, the decomposi'bion is a.pproxima.tely
complete.

(5) The temperature end pressure of the reaction products rise

sharply during a repld constant-volume decomposition but these quantities _ .

have not been measured.

(6) A self-sustained constent-pressure decomposition of N>O hes
not been reported.

(7) The continuous decomposition of NoO has been reported only
for a reactor operating at atmospherlc pressure.

In en attempt to eveluate the feasiblllity of applying the decom-.
position of N,O +to the operation of a hypersonic wind tunnel, an

exploratory program of research was carried out. The obJectives were
as follows: -

(1) To verify and extend the a.va.ilable :mforma:bion on the 'bherma.l
decomposition of nitrous oxide - -_ - . - . =
(2) To determine the theoretical and experimental end conditions
of constant-volume and constant-pressure decompositlons and to consider
the application of these- decompositions to the opera:bion of a hypersonic
nozzle L — -

(3) To design and comstruct a small hypersonic nozzle based on the
informetion obteined and, for comperison purposes s to opa'a:be it on both
heated air and decomposed nitrous oxide _- L -
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the thermal decomposition of which 1s governed by the equation
220 — 2N2 + 02 + Heat

was selected for study because of the relative ease with which 1t could
be decomposed and because the ratio of No to 0Op 1in the decomposition

products (2:1) 1s closer to the ratio of Ny to, Oy in edr (4:1) then
is the ratio of the decamposition products of NO (1:1).

The thermal decomposition of nitrous oxide has been studied by a
nunber of investigators. Of perticular interest in the application of
nitrous-oxide decomposition 1n hypersonic wind tunnels are results of
investigations conducted at rapid reactlon rates., Seversl methods were
fourd to produce such decompositions. In their study of the heat of
formation of N0, Carlton-Sutton, Ambler, and Williems obtained rapid

constant-volune decompositions that were accompanied by an increase in
both temperature and pressure of the gas (ref. 1). They reported that
e mild explosion can be caused in N0 gas by the electrical fusion of

a small wire. However, the resction is not propageted in the gas when
the Initlal gas pressure 1s below 13 atmospheres, Chemical enslysis of
reactions initlated at approximately 42 atmospheres indicated 90- to
95~percent decomposlition. Humter accidently produced losions in
NoO et initial pressures between 4O anmd 70 a'unosphere:x?ref. 2) In

his investigations of resction rates, the gas was introduced into a
reinforced quartz tube preheated to approximately 930° K. TIn working
with low gas pressures, Zeldovich and Jacovlev produced explosive resc-
tions In NoO vwhen 1t was confined In a quertz tube heated to ‘temper-

atures between 1,100° to 1,300° K (ref. 3). Another means of initiating
‘the repid decomposlition of NoO was found by Berthelot who rapldly

compressed NoO gas to 1/500 of its originel volume. (Thils experiment
1s mentioned in ref. l.) Under such conditions, the ideal adisbatic
tempersture of compression causing the reaction was celculeted to be
approximately 1,860° K.

The continuous decamposition of NoO et constant pressure (approx-
imately atmospheric) in an electrically heated quartz tube was demon-
strated by Whittinghsm (ref. 4). In his experiments, the decomposition
was controlled to produce a luminous glow similer to a flame. In order
to obtaln e steady decomposition, the rate of flow was adjusted in the
tube (which wes 3 centimeters in dismeter end 20 centimeters long) to
glve a time of contact of ebout 1 second. As the tube was hested to
1,023° K, the brown color of other nitrogen oxides was visible in the
exit gases. A pale yellow-green luminescence appeared In the tube at
ebout 1,123° K and a vivid luminescence at about 1,173° K.
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INVESTIGATION OF THE USE OF THE THERMAL DECOMPOSITION
OF NITROUS OXIDE TO FPRODUCE HYPERSONIC FLOW OF A
GAS CLOSELY RESEMBLING AIR

By Alexender P, Sabol and John S, Evans
SUMMARY -

An Investigation wes made of a method for producing hypersonic
flow in a wind tunnel by using the hot gaseous products obtained from
the thermal decompositlon of nitrous oxide (Ngo) « Tests are described -

of No0 decompositions mede at constant volume end at constant pressure.

Decomposition temperatures up to 1,859° K (3,346° R) at pressures up

to 1,950 atmospheres were obteined by the constant-volume process, whereas
theory indicated e tempersture of 2,507° X (4,510° R). Temperatures up
to 1,726° X (3,107° R) at pressures up to TO atmospheres were obtained

by the constant-pressure process, whereas theory indicated a temperature
of 2,165° K (3,898° R). Results of comparison tesis mede in a divergent
conical nozzle operated at Mech numbers up to about 7 on air and on the
products of No0 decomposed et constent pressure showed no significant

difference In the wall staetlc presspures. -~ - : - -

INTRODUCTION -

One requirement of wind tumnels operating at very high supersonic
Maech numbers is a high etagnation tempersture in order to avold adverse
effects due to oxygen or nitrogen condensgtion. The temperature renge
of electrical heaters, which are generally used for this purpose, 1s
limited because of materiael properties. In en attempt to obtaln higher
temperatures, chemical energy obtalned from rocket fuels burned within
a settling or mixing chamber has been used by some investigators. Since
high-temperature ailr obtained in this way ls contamineted with the prod=-
ucte of combustion, the characteristics of the gas are not those of air,

In order to evoid heater limitations and flow-contamination problems,
the use of chemical energy obtained from the decomposition of elther NO
{(nitric oxide) or NpO (nitrous oxide), both of which contain only nitro-

gen and oxygen, appeared sulteble for heating purposes. The compound N50,
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decomposed NpO. The absence of visible separatlon can probebly be

attrlbuted to the smeller difference in upstream stagnation pressure
and exhsust stagnation pressure required for a glven ares change where
e gas having 7 = 1.3 i1s substituted for one having ¥ = l.k. For
these tests the stegnatlon-pressure ratios were essentially the same
In both cases.

A comperison between the stetlic-pressure distributions for heated
eir end decomposed N0 1s shown In figure 11. In one case they are

compered et approximetely equal temperatures; In the other case they
ere compered at approximetely equal pressures. [The asgreement between
the curves for alr and for decomposed No0 i1s very good before the

onset of separatlon.
CONCLUSIONS

An investligatlon of the feasibility of using the thermsl decompo-
sltion of nitrous oxilde (Nao) to produce & source of high-pressure and

high-tempereture gas (closely resembling air) for hypersonic-flow studies
Indicates the followlng conclusions:

(1) The constent-volume thermsl decomposition of nitrous oxide
produces a geseous mixture which 1s chlefly nitrogen end oxygen. In
the tests described gressures w to 1,950 atmospheres end temperatures
up to 1,859° X (3 ,3’16 R) have been observed. As high loading densitles
sre epproached, the decompositlion tends to be more complete and the
observed temperature epproeches the theoretical value (2,507° K for an
initlal temperature of 361° X).

(2) The constant-pressure thermsl decomposition of nitrous oxide
produces a similer mixture in a self-susteined menner, end, in the tests
described, hes occurred st pressures up to TO etmospheres. The highest
observed. tempersture was 1,726° K (3,107° R). In the reactors used, the
decomposition was not so complete as In the constent-volume experiments,
As a result, the observed temperstures compered less favorebly with the
theoretical temperstures (2,165° K for an initisl temperature of 550° K).

(3) On the basis of the tests described, the use of the hot decam-
position products of nltrous oxide in a hypersonic nozzle sppears fea-
slble. The statlic-pressure distribution in a hypersonle conlcal nozzle
using the products of constant-pressure decamposition of No0 shows good
egreement when campared wlth the distribution obtalned with air in the
peme nozzle. Upstreem of the polnt of flow sepaeration, both pressure
distributions egree with predicted velues based on one~dimensional
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isentropic-flow expansion corrected for boundary-leyer growth. When
undecomposed NoO 1s used in the same nozzle, ‘the static-pressure

distribution differs from that of air.

Lengley Aeronasutical Laboratory,
National Advisory Committee for Aeronautles,
Langley Field, Va., December 2, 1955.

TR
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APPENDIX A
IDEAT, DECOMPOSITION TEMPERATURES

The complete decomposition of two moles of No0 into nitrogen and
oxygen 1ls expressed (ref. 1) by

2N,0 -3 2N, + Op + 40,000 calories

The heat released 1s essumed to be retained in the decomposed mixture.

The temperature for a constant-volume process 1s found by equeting the
internal-energy increasse of the mixture to 40,000 calories. The following
teble 18 presented for the case where the initial temperature is 300° K.

Internal energy, calories, for -

T, K No 02 Ny + Op

300 2,978 1,402 4,470
2,400 28,375 15,110 43,485
2,450 29,049 | 15,473 bk, 522

By interpolation between the values of the increase in internal energy,
thet 1s, Au = 39,015 calories and 40,052 celories, the finsl temperature
is 2,448° X. (Energy values in this table were obtained from ref. 13.)

The tempersture for s constent-pressure process is found by equating
the enthelpy increase of the mixture to 40,000 celories. For the case
where the Initlal temperature is 300° K, the following teble is presented.

Enthalpy, calories, for -

T, K 2No 0o 2Ny + Op

300 k,170 2,087 6,257
1,950 | 30,120 [ 15,772 45,892
2,000 | 30,979 | 16,223 k7,202

By interpolation between the values of the increase in enthalpy, that
is, Ah = 39,635 calories and 40,945 calories, the final temperature
15 1,964° K. (Energy velues in this teble were obtained from ref. 13.)
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APPENDIX B
CHEMICAI, ANALYSIS OF REACTION PRODUCTS -

Both quelitetive end quantitative methods were used for the chemical
anelysis of reactlon products. The qualitative a.na.:rysis was made during
the constant-pressure tests and immediastely following the constent-volume
tests., The decomposed mixture was passed through a trap cooled by liguld
nitrogen untll = sufficlent quantity of condensate wes collected. The o
temperature of the trep wese then allowed to return to room temperature ;
while the temperature of the condensete was recorded. The presence of
NoO was indiceted by a plateau in the boiling-point record, and the
presence of NOo was detected by 1ts chara.cteristic color and odor,

(Werning: NOp is toxic.)

The quantltative analysis was conducted as follows: A 200-mllliliter
semple of the decomposed mixture was obtalned at atmospheric pressure and

temperature and then cooled by COp snow to epproximetely -80° ¢c. At _ {
this temperature, the vapor pressure of NO2 was about 0.05 mill:!.meter N .
of mercury (see ref. 6); thils was low enough to prevent it from leaving .

the sampling bottle while a portlon of the uncondensed gases was with- L

drewn end placed in a ges microenalyzer. The use of thls microanslyzer
is described in reference 1k4. - -

The chemical equation expressing the decomposition at elevated L
temperatures 1s _ . -

Pt

bN,0 = N0 + clNp + (d + e)0p + 2eNO (B1)

When the condensete was cooled to room 'bempera:bu::-e, NO was oxidized
to NOo so that .

BNoO = £N20 + cNo + 402 + 2eN0o (B2)

i

After removel of NOp by cooling with COp, the remaining products were
Placed in the microsnslyzer and burned with an excess of Hy:

fN,0 + cNp + d0p + gHy > (¢ + £)Np + (£ +24)E0 + (g - £ - 2d)H, i

(B3)
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Water was removed by inserting a beed of KOH for a few minutes. The
remaining products were burned with an excess of 0ot

(c+ )Mo+ (g-Ff -24)Hy + 1059 (e + £)Ny + (g - £ - 24)E0 +

(i'g"‘%*d)% - (B4)

Weter was agaln removed so thet the f£inal products were . e
(c + £)N, + ( -g+%+ d)02 (B5)

According to the conditions of the analysls, all the gases could be
considered perfect gases. Thus, the number of moles and the volume

were teken to be directly proportional. The following outline shows the
volume measurements maede with the gas analyzer as the quentitative anal-
ysls wes carried out.

1. Ges sample minus NO, placed in analyzer; volune measured
(eq. (B2)) was c +4d + £.

2. Hydrogen added; volume measured (eq. (B3)) was ¢ +d + f + g.

3. Mixture burned; water removed; volume measured (eq. (B3)) was
¢+ g-24.

4, Oxygen edded; volume messured (eq. (B4)) was ¢ + g - 24 + 1.
5. Mixture burned; water removed; volume measured (expression (B5)) was

X _g
c+d+2—2+in

£
From this analysis, the volumes (¢ + d + £), (c+d.+2—, and
(e - 24) were found. These constituted a system of three linear equa-
tione in the three desired unknowns, Thus, ¢, d, end f were easlly
calculated. By observing that the total number of atoms of a given kind —
1s conserved In a resction, equation (32) leads to sn expression for e;
that 1s,

e = ;L(c - 24) (B6)
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The percent by volume of each component in the original semple taken -
from the reactor was calculated by using the followlng formulas:

d

Percent Op = = X 100 (BT)

Percent Np = £ X 100 (B8)

Percent Ny0 = §x 100 | (B9) )

Percent NOp = &2 x 100 (B10)
B=c+d+2+Ff (B11)

Since in the test results the percent of NOo Present was relatively '

smell, the percent of NO originally present in the hot gas can be
consideved to have approximstely the seame velue. Or, more precisely,

B

2 X Percent NOa

Percent NO = Parcent FOs (B12) _
2 + ————=
100 -
vhich was derived by comparing the following expression with B
equation (B1O):
2e
Percent NO = 100 : (B13)

Cratse T F >
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TABLE I.- CONDITIONS OBTAINED BY DECOMPOSING N0
WITHIN A FIXED VOLUME
El'heoretical peek tempersture of 2,429° X based
on an initisl waell tempersture of 283° K]
Chemical anslysis of cooled
Test ioeii% Peak temple:;:]‘;ure products, percent by volume, 0o
’ L - —_
8 g-moles Pre:.:mwe,J To, og " ?|of No
liter () N, 05 NO, | N0
1 1.51 256 L,3TL | =mmem |mmeme | mmcom | e | meeea
2 1.62 268 1,337 - -
3 2.27 432 1,504 59.5 |28.8 |1.19 |10.7 0.485
iy 3.10 520 1,311 58.60 [28.20 [ 1.735 [11.00 |[0.L48L
5 3-52 581-5 1,276 bd - -
6| 3.61.| 524 - 1,129 | emmmm | mmmee | comee | e [ e
7| k.21 592 1,084 - -
8 k.52 585 1,015 60.30 |29.6 |[0.39.| 9.55 |0.h91

8Based upon peak-pressure measurements.
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TPABIE IT.- CONDITIONS OBTAINED BY DECOMPOSING NpO
WITHIN A FIXED VOLUME
[heoretical pesk temperature of.2,507° K based
on an initisl well temperature of 361° X

Chemical sls of cooled
[tz | vemx | Terk | lovotucts, pereent iy volume, | 0o
gmmoles |” gin Te, °K 2

liter (a) No | O2 NO2 | N20
b1| 1.56 257.8 1,390 52,40 |24.80 {1.85 |21.10 |0.47hk
2| 1.56 295 1,530 58.65 {28.37 | 1.276 | 11.71 |0.4837
3] 1.67 309 1,490 | mmmmm | mmmee [ mmeee [ oo feeeee—
W 2.27 476 1,637 60.70 |29.92 | 0.58 8.85 |0.4935
c5| 2.54 541 1,649 | smmmm [ mmemm [ mmmee [ omeee [ e
6 2.92 622 1,631 60.29 | 29.27 | 1.16 9.27 |0.486
7l 3.09 |  mmmm= | e 64.70 | 29.40 [ 3.92 | 1.96 |0.455
bgl 3.5 The | 1,605 61.40 |30.10 |0.75 | 7.80 |0.koL
9l 3.61 T70 1,585 62.21 | 30.21 [1.204 | 6.38 |0.4854
10| 14.18 990 1,707 62.50 {30.59 | 0.77 | 6.04 |0.451
C11| 5.31 | 1,465 1,859 | mmmmm | mmeme | e | moee | -
12 T.13 1,930 1,712 65.0 32,2 | 0.43 2.2k |0.497

8Bgsed upon peak-pressure measurements.

bInitial temperature of spproximately 348° K.
COnly these tests were initiated by en electrically fused wire.
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Figure l.- Schematic drawing of constant-volume reactor.
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Figure 2.~ Pressure time history during constant-volume resction.
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Figure 6.- Verlation of vepor pressure with temperature for oxygen (02),
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Figure 9.- Comparison of static-pressure distributions along nozzle for

tests using alr.
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